Our previous results showed that in addition to the immediate interaction of ionising radiation with DNA (direct and indirect effect), low-dose and chronic low-dose rate of irradiation induce endogenous oxidative stress. During oxidative stress, free radicals react with DNA, nucleoside triphosphates (dNTPs), proteins and lipids, and modify their structures. The MYH and MTH1 genes play important roles in preventing mutations induced by 8-hydroxy-guanine, which is an oxidised product of guanine. In this study, we used short-hairpin RNA to permanently knockdown MYH and MTH1 proteins in human lymphoblastoid TK6 cells. Knockdown and wild-type cells were chronically exposed to low dose rates of γ-radiation (between 1.4 and 30 mGy/h). The cells were also subjected to acute doses delivered at a high-dose rate. Growth rate, extracellular 8-hydroxy-2′-deoxyguanosine, clonogenic cell survival and mutant frequencies were analysed in all cell types. A reduced level of cell growth and survival as well as increased mutant frequencies were observed in cells lacking both MYH and MTH1 proteins as compared to cells lacking only MYH and wild-type cells. To sum up, our results suggest that low-dose rates elevate oxidative stress. MTH1 together with MYH plays an important role in protection against mutations induced by modified dNTPs during chronic oxidative stress. In addition, we found no dose-rate effect at the level of mutations in the wild-type TK6 and MYH-KD cells. Our data interestingly indicate a dose-rate threshold for mutation induction in MTH1/MYH double knockdown cells.
Introduction
An important issue in radiation carcinogenesis is the question whether it is correct to use a dose and dose-rate effectiveness factor (DDREF) > 1 to estimate cancer risk following exposure to low doses and low-dose rates (LDRs) of ionising radiation. Results of epidemiological studies do not provide convincing evidence due to uncertainties. Animal experiments suggest a DDREF factor above 1 meaning that decreasing dose rate at a given dose would lead to lower cancer risk, but the transfer of results from animal to humans is debatable. Currently, results of experiments on human cell cultures are contradictive.
Exposure of cells to an acute dose of ionising radiation leads to dose-dependent production of different types of DNA damage, e.g. 1 Gy γ-radiation produces ~40 double-strand breaks, ~1000 single-strand breaks and ~1000 DNA base damages. Exposure to very low doses and LDRs (mGy and mGy/h range) is, however, less studied. Our previous study pinpointed that the level of extracellular 8-hydroxy-2′-deoxyguanosine (8-oxo-dG) in cells exposed to a low dose of γ-radiation was several fold higher than expected to be formed by the immediate action of radiation through radiolysis of cellular water (1) . This study indicates that low doses of radiation increase endogenous production of free radicals, e.g. from mitochondria or other organelles (1) (2) (3) .
Our cells are constantly exposed to DNA damaging agents including reactive oxygen species (ROS) exogenously (e.g. from radiation) and endogenously (e.g. from metabolism). ROS at high concentration react with intracellular biomolecules, such as lipids, proteins and DNA, and modify their structures. Accumulation of modified lipids and proteins has been related to age-related diseases such as cardiovascular and Alzheimer's disease. DNA damage and mutations are hallmarks of cancer. They play a central role in how cancers evolve. It is known that ROS induce oxidative DNA base damage through direct interaction with DNA. The cells are equipped with different DNA repair systems to restore the DNA damage. Mutations may also occur due to the DNA repair processes are error prone. There is increasing evidence that DNA undergoes continuous damage, repair and re-synthesis.
ROS can also react with nucleoside triphosphates (dNTPs) and modify their structures. Modified dNTPs can be incorporated into the DNA during DNA synthesis and give rise to mutations. One frequently studied dNTP modification is 8-hydroxy-2′-deoxyguanosine triphosphate (8-oxo-dGTP). Incorporation of 8-oxo-dGTP into the DNA may result in G:C to T:A type of mutations. This type of mutation is caused by misincorporation of adenine opposite to 8-hydroxy-guanine (8-oxo-Gua) in DNA during DNA synthesis (4) .
A protein that inhibits incorporation of 8-oxo-dGTP into the DNA is the MutT human homolog 1 (MTH1). MTH1 is involved in nucleotide pool sanitisation and dephosphorylates 8-oxo-dGTP to 8-oxo-dGMP. A study with MTH1 null mice (mMTH1−/−) showed a 2-fold increase of spontaneous mutations and tumour formation in lung, liver and stomach when compared to mMTH1+/+ mice (4) .
A protein that removes adenine opposite 8-oxo-G in the DNA is the MutY human homolog MUTYH, also called MYH. MYH is an adenine-specific DNA glycosylase, and MYH is also an important enzyme involved in the DNA base excision repair pathway. Recently, a novel autosomal recessive form of familial adenomatous polyposis (FAP) syndrome, called MYH-associated polyposis has been discovered. This syndrome is generated due to biallelic mutations in the MYH gene (MUTYH gene) (5) . Recent reports indicate that mutation/s in the MYH gene is/are associated with FAP, with an increased risk for colorectal cancer (5, 6) .
Previously, we reported that the dose response for radiationinduced extracellular 8-oxo-dG was non-linear and that intracellular dNTPs were an important source of radiation-induced extracellular 8-oxo-dG (1, 3) . Accordingly, it is crucial to investigate to what extent oxidative damage to the nucleotide pool is responsible for the mutagenic effect of exposure to LDR and high-dose rate (HDR) radiation. If oxidative stress is an important source of oxidative DNA damage at LDRs then cells with reduced capacity to handle oxidative stress should show a higher level of mutations. The main hypothesis of this investigation was that, when compared at the same cumulative dose, exposure of cells with low expression levels of MYH and MTH1/ MYH to LDR will lead to higher mutant frequency than exposure to HDR.
To test this hypothesis, the human lymphoblastoma TK6 cell line was chosen as a model to study mutagenesis because these cells are heterozygous in the thymidine kinase locus. TK6 cells were stably transfected with short-hairpin RNA (shRNA) to knockdown MTH1 and/or MYH proteins. MYH expression was downregulated to ~5% in the MYH knockdown (MYH-KD) cells. The levels of MTH1 and MYH in the double knockdown (D-KD) cells were reduced to ~14% and ~25%, respectively. We analysed the effects of different LDR and HDR in terms of levels of extracellular 8-oxo-dG as oxidative stress marker, growth rate, survival and mutation in wild-type (WT) TK6 cells and in the cells with reduced levels of MYH (MYH-KD) or both MYH and MTH1 (D-KD).
Materials and methods

Cell culturing
Human lymphoblastoid TK6 cells were transfected with shRNA to knockdown MTH1 or MYH as described previously (7) . The shRNAs were obtained from Sigma-Aldrich: clone ID TRCN000006603: MYH, clone ID TRCN0000050129: MTH1. WT cells are referred to as WT, MYH-knockdown as MYH-KD and combined MTH1-and MYH-knockdown cells as D-KD. Transfection efficiency was checked, using western blot. MYH-KD cells expressed ~5% of the MYH level compared to the level expressed in the WT cells. In D-KD cells, the expression levels of MTH1 and MYH were ~14% and ~25%, respectively, compared with WT cells ( Figure 1A and B). All cells were grown in RPMI-1640 medium supplemented with 10% defined bovine calf serum (DBS, Hyclone), 1% Pest (Invitrogen) and 10 mM HEPES in 75-cm 2 flasks at 37°C and 5% CO 2 . Cell counting was performed using a Countess® Automated Cell Counter (Invitrogen). Cell density was kept below 25 × 10 4 /ml during the experiments.
Irradiation conditions
Cells were exposed to total doses of 0. 5 Cs source (as of January 1993), and exposures at 1.4 mGy/h were carried out at 37°C in a Sanyo incubator (Japan) positioned over a 370 GBq 137 Cs source (as of June 2007). Non-exposed cells were cultured in a separate Sanyo incubator (Japan, 37°C). The dose rates were measured using an ionisation chamber (Unidos E equipped with a TM 30010 ionisation chamber, PTW, Freiburg, Germany). Chronic irradiation was carried out continuously, except during the periods of sub-culturing (15-45 min) every second day.
Growth rate
To check the growth of the cells during chronic exposure, the cells were exposed to 0, 1.4, 5, 15 or 30 mGy/h. Following exposures, the cells were counted and re-seeded every 2-3 days until 23 days. The growth rate during each time interval (t 1 to t 2 ) was calculated based on population doublings (PD) using the equation: PD = ln (n(t 2 )/n(t 1 ))/ln2, where n(t 1 ) is the number of re-seeded cells (number of cells at time t 1 ) and n(t 2 ) is the number of cells counted at the end of the time interval.
Clonogenic survival
Clonogenic survival of the cells was assessed directly after exposure to 0, 0.1, 0.5 and 1 Gy at 24 Gy/h by plating cells in 2 ml of 0.4% agarose gel mixed with 2× concentrated RPMI (as used in cell culture). A defined number of cells (50-800) were seeded in each well of six-well plates (3.5 cm in diameter, Thermo Scientific, Korea) and cooled down at 4°C for ~20 min. The cells were incubated at 37°C and 5% CO 2 for 10 days for colony formation. Colonies were counted manually. We were not able to assess clonogenic cell survival in cells exposed to LDR. The reason is that during LDR exposure the most damaged cells will be eliminated from the culture during sub-culturing by apoptosis or other pathways. At the end of the treatment, only cells with ability to proliferate will be selected. Consequently, determining of growth rate was established as an alternative method.
Mutant frequency
After irradiation, the cells were incubated at 37°C and 5% CO 2 for 10 days to allow the expression of mutated thymidine kinase. During this period, 5 × 10 5 to 1 × 10 6 cells were sub-cultured every second day. Mutants were screened by plating 6 × 10 5 to 12 × 10 5 cells into four wells of a six-well plate containing 2 ml of 5 µg/ml trifluorothymidine (TFT) mixed with 0.4% agarose gel and 2× concentrated RPMI (as used in cell culture). In order to determine the plating efficiency, 50-100 cells were seeded into the two remaining wells without TFT. Plates were cooled down to 4°C for ~20 min followed by incubation at 37°C and 5% CO 2 for 10 days for colony formation. Colonies were counted manually. The following equation was used to calculate mutant frequencies (MF); MF = (M/N)/CE, where M is the number of colonies observed in the presence of TFT, N is the number of cells seeded in the presence of TFT and CE is the plating (cloning) efficiency of the cells.
Extracellular 8-oxo-dG in the cell culture medium
To investigate whether LDR exposure induces oxidative stress, the following experiment was carried out. In each of six cell culture flasks, 750 000 cells were grown in 30-ml complete RPMI medium. The cells were exposed to 1.4, 5, 15, 30 mGy/h and acute exposure (24 Gy/h) to give total doses of 0.5 and 1 Gy. The cells were counted 3 days/week, and 750 000 cells from each flask were further cultured in 30-ml fresh RPMI medium. The replaced cell culture medium (culture supernatant) from each flask was transferred to a tube, centrifuged and kept at −20°C for determination of 8-oxo-dG. Each experiment was performed in triplicate.
At the time of analysis, the samples (medium collected at sub-culturing) were thawed and 1 ml of each sample was used to give a pool for each combination of dose and dose rate. For analysing the level of 8-oxo-dG in the pooled samples, an ELISA-based method (Health Biomarkers Sweden, AB) was used. The method for the detection of 8-oxo-dG was described in detail previously (2) . For expressing the level of 8-oxo-dG as ng/10 million cells, the determined 8-oxo-dG level in the pooled samples (ng/ml) were multiplied with corresponding total volume of the medium collected during the experiment, divided by total number of the cells obtained and then normalised to 10 million cells.
Statistical analysis
The mutant frequencies were compared using a two-way ANOVA (multiple comparisons), using three variables: dose, dose rate and cell type (WT and knockdown cells). The Tukey method was applied as a post hoc analysis to evaluate the significant differences. The results of cell growth were analysed using linear regression analysis. The significance of differences was calculated by comparing the slopes of lines using statistical program R.
Results
Extracellular 8-oxo-dG
The impact of chronic irradiation on extracellular 8-oxo-dG as marker of oxidative stress is summarised in Figure 2A and B. These data show that 1 Gy chronic exposure (at 1.4 up to 30 mGy/h) led to significantly elevated levels of extracellular 8-oxo-dG in comparison with the corresponding non-irradiated samples, while for 0.5 Gy chronic exposure, no clear response was observed. A high level of 8-oxo-dG was detected in control samples for 0.5 Gy at 30 mGy/h, which could mask the effect of 0.5 Gy. Regarding acute exposures to 0.5 and 1 Gy, the levels of 8-oxo-dG were not significantly elevated in comparison with corresponding controls.
Growth rate
The impact of chronic γ-radiation on growth rate is shown in Figure 3A -E. The results indicated that 5 and 15 mGy/h γ-radiation significantly reduced the growth rate of cells, while 1.4 mGy/h had no effect. There was no difference in growth rate between WT and knockdown cells exposed to 1.4 mGy/h. A tendency towards slower growth was observed at 5 mGy/h in all cell lines. However, at 15 mGy/h, the D-KD cells grew significantly slower than WT and MYH-KD cells. Notably, 30 mGy/h inhibited cell growth from the first day. The data clearly indicate the existence of a dose-rate threshold for growth rate.
Clonogenic survival
Clonogenic survival was estimated immediately after acute exposures (24 Gy/h) to γ-radiation, and the results are presented in 
Mutant frequency
Exposure to total doses of 0.5 and 1 Gy γ-radiation significantly increased the mutant frequencies in all cell types, compared with corresponding non-exposed cells ( Figures 5A and B and 6A and B). While comparing mutant frequencies among cells types, no significant difference was observed between WT and MYH-KD cells as well as between WT and MTH1-KD cells, which was reported in our previous publication ( Figure 6 ) (8) . In general, D-KD cells were found to be more frequently mutated than WT, MYH-KD and MTH1-KD cells. At 0.5 Gy administered at 5, 15 and 30 mGy/h, the mutant frequencies in D-KD cells were approximately two times higher than WT and MYH-KD cells, while at 1.4 mGy/h and acute exposure, there were no differences among the three cell types ( Figure 5A ). At 0.5 Gy administered at 5 mGy/h, the level of mutations was increased significantly in D-KD cells compared with WT and MYH-KD cells (P < 0.05). For 0.5 Gy administered at 15 and 30 mGy/h, non-significant increases of the mutant frequencies were observed in D-KD in comparison with MYH-KD and WT cells. A similar pattern was detected after 1 Gy administered at 15 and 30 mGy/h as well as at 24 Gy/h ( Figure 5B ). The mutant frequencies were also significantly increased (1.5-to 4-fold, P < 0.05) in D-KD cells in comparison with WT and MYH-KD cells. After the dose of 1 Gy delivered at 1.4 and 5 mGy/h, the mutant frequencies were similar in all cell lines. In summary, a dose-rate effect was observed only in D-KD cells. A linear regression analysis showed a correlation between LDR-induced extracellular 8-oxo-dG and mutant frequencies in D-KD cells (r 2 = 0.38; Figure 7 ).
Discussion
It is accepted that HDRs of ionising radiation induce more malignancies and are more cytotoxic than LDRs (9) . When the dose rate is decreased, the accumulation of DNA damage will also be decreased, and the efficiency or fidelity of DNA repair is expected to be high (10) . For the purpose of radiation protection, DDREF is defined. DDREF is the factor by which the cancer risk of high acute doses of low linear energy transfer (LET) ionising radiation (e.g. gamma and X-rays) should be reduced at low dose or when the same dose is delivered at LDRs. Today, the DDREF factor 2 is recommended for radiation protection purpose. The rationale of using a DDREF value of 2 was recently questioned by several radiation protection organisations such as UNSCEAR. It is well accepted that decreasing the dose rate of low-LET ionising radiation improves the clonogenic survival of cells (11) but less is known about how the dose-rate affects mutation induction, which can be regarded as an endpoint closely related to carcinogenesis. The mutagenic effect of radiation at different dose rates has been analysed by a number of authors with the aim of investigating whether the frequency of mutations declines with decreasing dose rate. The initial studies on mutations induced in spermatogonia of mice showed a lack of a dose-rate effect (12, 13) . This result was not confirmed when the frequencies of translocations were analysed in chromosomes of mouse spermatogonia, where a consistent dose-rate effect was detected in the dose rate range between 36 Gy/h and 0.37 mGy/h (14) .
In the present investigation, the influence of dose rate on the cell growth, clonogenic cell survival and mutation induction in three TK6 cell lines differing in sensitivity to oxidative stress were studied. The cells were exposed to 0.5 and 1 Gy of γ-radiation at dose rates of 1.4, 5, 15, 30 mGy/h and acute at 24 Gy/h. The reason for carrying out the experiments with three cell lines, differing in sensitivity to oxidative stress was that we have previously reported that in addition to DNA damage induced by the immediate effect of radiation, low dose and LDRs of γ-radiation give rise to endogenous oxidative stress in the cells (2, 15 ). An experiment was designed and performed to investigate dose and dose-rate relationships for radiation-induced extracellular 8-oxo-dG as a marker for oxidative stress. Results are presented in Figure 2A for 0.5 Gy and Figure 2B for 1 Gy. These results indicate that chronic irradiation at the LDRs ranging from 5 to 30 mGy/h elevated levels of oxidative stress. Unexpectedly, a high level of 8-oxo-dG in the control sample for 0.5 Gy at 30 mGy/h may have masked the level of the radiation-induced 8-oxo-dG. For acute exposure, the level of 8-oxo-dG slightly decreased at both 0.5 and 1 Gy, because the TK6 cells are radiosensitive and 0.5 Gy kill almost 50% of the cells (8) . Chronic exposure seems to lead to elevated chronic oxidative stress. Thus, it was interesting to investigate to what extent oxidised nucleic acids, which are produced during elevated oxidative stress, are responsible for the mutagenic effect of exposure to LDR. If oxidative stress is an important source of DNA damage at LDRs, then cells with reduced capacity to handle oxidative stress should show a higher level of mutations. Previously, we studied the mutagenic effects of LDR γ-radiation in WT TK6 cells and cells with a low expression of MTH1 (12% of that in WT cells). We reported that dose rate has no effect at the mutation level ( Figure 6A and B) (8) . This result could be due to upregulation of other pathways that are responsible for coping with mutagenicity of oxidative stress, while MTH1 is downregulated.
In the current study, we focused on the role of MYH and its cooperation with MTH1 in response to LDR. Two cell lines were established differing in the expression level of MYH and MTH1 proteins. In the non-exposed cells, knocking down MYH and MTH1/ MYH had no effect on cell growth, survival and mutation levels. These results indicate that the remaining MYH and MTH1 activities are enough for normal physiological functions of the cells. It is also possible that knocking down these proteins leads to activation of other back-up systems with similar functions. As shown in Figures 3C and D, 4 , and 5A and B, chronic irradiation of double knockdown of MTH1/MYH (D-KD) caused lower growth rate (at 5 and 15 mGy/h exposures), lower survival, although the results were not statistically significant, and higher mutant frequency (dose rates 5-30 mGy/h) as compared to MYH-KD and WT cells. We also found a positive correlation between levels of LDR-induced extracellular 8-oxo-dG and mutant frequency (r 2 = 0.37), only in the D-KD cells (Figure 7) . In contrast, knockdown of MYH alone or MTH1 alone (previous study, Figure 6A and B) (8) did not influence the sensitivity of cells to radiation (accumulated doses of 0.5 and 1 Gy) in terms of these effects.
In the MTH-KD or MYH-KD cells, the activity of DNA repair proteins may be sufficient to prevent mutations as no elevated mutant frequencies were observed in these cells. In the absence of MYH protein (present study), it is possible that an accumulation of 8-oxo-Gua in the DNA is sensed by the cell and leads to a reduced level of 8 No significant increase of mutation levels was observed in cells exposed to 0.5 Gy at HDR and at 1.4 mGy/h or to 1 Gy at 5 mGy/h in comparison with non-irradiated controls. Currently, we have no mechanistic explanation for these observations. In general, the level of mutations increased by the dose to similar levels in WT and MYH-KD cells, and the dose rates had no or a minimal effect. In contrast, the dose rate seems to influence the level of mutations in the exposed D-KD cells possibly with an inverse dose-rate effect in the range of 15-30 mGy/h ( Figure 5B ). This result could be due to limited amounts of available MTH1 and MYH in parallel with elevated ROS, and survival advantage of the cells irradiated by LDR. Previous researchers reported that some cell lines show higher sensitivity to mutation induced by radiation at very LDRs, 5-30 mGy/h, in comparison with higher-dose rates (16, 17) . This phenomenon is called inverse dose-rate effect, which seems to be connected to cell cycle, rate of DNA damage induction, recognition and repair, as well as levels of induced ROS (18, 19) . The available data on inverse dose-rate effect for mutations are contradictory supporting both absence and existence of it (12, 13, 15, 20) .
The importance of MTH1 and MYH proteins in repair of oxidative DNA damage has been shown in several studies, although the contribution of each protein and effects of simultaneous downregulation are still not clear. For instance, an increased level of spontaneous G:C to T:A transversion has been observed in mutY mutants Escherichia coli (MYH deficient) (21, 22) . Several studies have found higher levels of spontaneous mutations in mice defective in MTH1 and MYH proteins (23, 24) . In humans, polymorphisms in MTH1 and MYH have been reported in gastric (25) and colorectal cancer (26) , respectively.
Due to lower expression of MTH1 in the knockdown cells, elevated numbers of 8-oxo-dGTP can be incorporated during The types of mutations are unknown as the mutation assay used in the study cannot distinguish between different types of mutations. One explanation for the observed elevated mutation levels in the D-KD cells could be that MTH1 and MYH have broader substrates than 8-oxo-dGTP and 8-oxo-G:A mismatch, respectively, which lead to other types of mutations. It is known that MTH1 can dephosphorylate not only 8-oxo-dGTP but also 8-oxo-dATP and 2-OH-dATP. In a recently published review, it was pointed out that MYH can bind to several mismatches and inhibits different types of mutations (27) .
An interesting observation is that exposing cells to 30 mGy/h led to complete inhibition of the growth, and may be cell death ( Figure 3E ), although it still resulted in higher mutation frequency. It is important to mention that the exposure times for 0.5 and 1 Gy at 30 mGy/h to perform mutation assays were 30 and 60 h, while the exposure time underlying Figure 3E , growth rate, was 6 days. The LD50 of the TK6 cells is ~0.5 Gy for acute exposure. The LD50 dose and the number of surviving cells are important factors to be considered in performing mutation assays.
In conclusion, our results showed that there was no dose-rate effect for mutations in WT TK6 cells although elevated oxidative stress was induced by chronic irradiation. These phenomena indicate that normal functioning cells can cope with oxidative stress induced by chronic exposure of γ-radiation. This fits well with the data of others generated with the same cell line. Decreasing dose rate and modifying the level of MTH1 (8) or MYH expressions in the TK6 cells had no influence on the mutation induction levels as compared to WT cells. In contrast, a possible dose-rate effect with a threshold was indicated for radiation-induced mutations in the D-KD cells. A simple model system based on human cells in culture was used in the present study. Consequently, it will be difficult to apply the findings to humans and current results should be considered as preliminary. However, our results from in vitro studies indicate that the DDREF value > 2 should be considered in radiation protection.
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